Lactobacillus delbrueckii UFV-H2b20 has been shown to increase clearance of bacteria injected into the blood of germ-free mice. Moreover, it induces the production of type 1 cytokines by human peripheral mononuclear cells. The objective of the present study was to investigate the production of inflammatory cytokines [interleukin-12 (IL-12 p40), tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ)] triggered in vitro by live, heat-killed or lysozyme-treated L. delbrueckii UFV-H2b20 and in vivo by a live preparation. Germ-free, L. delbrueckii-monoassociated and lipopolysaccharide (LPS)-resistant C3H/HeJ mice were used as experimental models. UFV-H2b20 induced the production of IL-12 p40 and TNF-α by peritoneal cells and IFN-γ by spleen cells from germ-free or monoassociated Swiss/NIH mice and LPS-hyporesponsive mice (around 40 ng/mL for IL-12 p40, 200 pg/mL for TNF-α and 10 ng/mL for IFN-γ). Heat treatment of L. delbrueckii did not affect the production of these cytokines. Lysozyme treatment decreased IL-12 p40 production by peritoneal cells from C3H/HeJ mice, but did not affect TNF-α production by these cells or IFN-γ production by spleen cells from the same mouse strain. TNF-α production by peritoneal cells from Swiss/NIH L. delbrueckii-monoassociated mice was inhibited by lysozyme treatment. When testing IL-12 p40 and IFN-γ levels in sera from germ-free or monoassociated Swiss/NIH mice systemically challenged with Escherichia coli we observed that IL-12 p40 was produced at marginally higher levels by monoassociated mice than by germ-free mice (40 vs 60 ng/mL), but IFN-γ was produced earlier and at higher levels by monoassociated mice (monoassociated 4 and 14 ng/mL 4 and 8 h after infection, germfree 0 and 7.5 ng/mL at the same times). These results show that L. delbrueckii UFV-H2b20 stimulates the production of type 1 cytokines in vitro and in vivo, therefore suggesting that L. delbrueckii might have adjuvant properties in infection in which these cytokines play a major role.
Introduction
There is growing interest in probiotics as modulators of the immune response to infections and autoimmune diseases (1) (2) (3) (4) (5) (6) . Probiotics are defined by the United Nations Food and Agricultural Organization and the World Health Organization as "live microorganisms, which when administered in adequate amounts, confer a health benefit on the host" (FAO/WHO 2001). In recent years, there have been many efforts to obtain microorganisms suitable to be used as probiotics (2) .
Various health improvement claims have been associated with putative probiotic microorganisms in both man and animals and three characteristics were proposed to Lactobacillus delbrueckii induces type 1 cytokine production www.bjournal.com.br be desirable for selecting an effective probiotic: 1) promotion of resistance to colonization by pathogens; 2) influence on metabolic activities of the microbiota related to host health; 3) stimulation of the host immune response (1, 2) . A number of investigations suggest that lactic acid bacteria, which include the majority of currently used probiotics, stimulate several functions of the immune system such as peritoneal macrophage activity and antibody and cytokine production (7) (8) (9) (10) . Pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and IL-6, as well as interferons, are among the first cytokines produced in response to pathogenic bacteria. Cytokines produced later during microbial infection direct responses toward either T-helper type 1 (Th1) or Th2 type immunity. Type 1 cytokines include macrophage-and dendritic cell-derived IL-12 and natural killer (NK)-and T-cell-derived interferon-γ (IFN-γ) (11) . IL-12 stimulates IFN-γ production by NK and naive CD4 + T cells, which differentiate into the Th1 subtype. IFN-γ enhances IL-12 production by phagocytic cells and down-regulates Th2 type cell proliferation and activation (11) . The term "type 1 cytokines" refers to cytokines derived from CD4+ T cells of the Th1 subtype, as well as other pro-inflammatory cytokines, such as TNF-α and IL-12.
In the present study, we determined the ability of intact, heat-killed or lysozyme-treated Lactobacillus delbrueckii UFV-H2b20 to induce type 1 cytokine production by gnotobiotic and conventional mouse cells. This strain of Lactobacillus was first identified as L. acidophilus, a normal inhabitant of the human intestinal tract, designated L. acidophilus UFV-H2b20. This strain was isolated from feces of a newborn child at Universidade Federal de Viçosa (Viçosa, MG, Brazil). This strain resists the stressing conditions of the gastrointestinal tract both in vitro (12) and in vivo (13) . Further PCR analysis followed by sequencing classified this strain as L. delbrueckii var. bulgaricus (14) . We have shown that this strain of L. delbrueckii var. bulgaricus stimulates the phagocytic capacity of macrophages in monoassociated Swiss mice, as demonstrated by clearance of a Gram-negative bacterium inoculated intravenously (13) . However, the effect that L. delbrueckii might have on cytokine production in response to a systemic infection was not determined. Therefore, we also analyzed the production of type 1 cytokines by mice monoassociated with L. delbrueckii after systemic challenge with Escherichia coli.
Material and Methods

Animals and microorganisms
Four distinct murine models were employed: Swiss/ NIH germ-free mice, Swiss/NIH conventional (microbiotabearing) mice, ex-germ-free mice that were monoassociated with L. delbrueckii as described in the next item, and C3H/HeJ (microbiota-bearing) mice, which are resistant to lipopolysaccharide (LPS). Germ-free Swiss/NIH mice were maintained at the Gnotobiology and Immunology Laboratory of the Department of Biochemistry and Immunology, Universidade Federal de Minas Gerais, MG, Brazil, according to standard procedures (15) and were used shortly after weaning (21-23 days). Conventional Swiss/NIH mice of the same age and of both sexes were obtained from our colony. C3H/HeJ mice were obtained from the animal facility of the Centro de Pesquisas René Rachou (FioCruz, Belo Horizonte, MG, Brazil). L. delbrueckii var. bulgaricus UFV-H2b20 (L. delbrueckii ), a strain of human origin, was isolated at Universidade Federal de Viçosa and maintained at -70°C in non-fat reconstituted dry milk. The strain was grown in MRS broth (De Man, Rogosa & Sharpe, Merck, Brazil) for 18 h at 37°C just before use. Listeria monocytogenes 104035 cells (a kind gift from Dr. Daniel Portnoy, University of Pennsylvania, Philadelphia, PA, USA) were maintained at -70°C in brain heart infusion broth (Merck) containing 20% glycerol. Before use, the strain was grown overnight in brain heart infusion broth at 37°C.
Different preparations of L. delbrueckii UFV-H2b20 and L. monocytogenes 104035 were used to stimulate cells for the cytokine production assays. All preparations were obtained after washing activated cultures three times in phosphate-buffered saline (PBS, 0.15 M NaCl, 10 mM sodium phosphate, pH 7.3). Live L. delbrueckii was maintained viable until use. Heat-killed L. delbrueckii and L. monocytogenes were obtained by autoclaving cells for 5 min at 121°C. Inactivated L. delbrueckii was obtained by maintaining cells at 56°C for 60 min. In order to digest the cell wall, PBS-washed bacteria were suspended in 67 mM PBS, pH 6.2, containing 0.01% lysozyme (Sigma, USA) and incubated at 37°C for 48 h as described (16) .
Monoassociation of mice with L. delbrueckii UFV-H2b20
The activated culture of L. delbrueckii UFV-H2b20 was centrifuged at 2000 g at 4°C and resuspended in PBS in order to obtain 10 9 colony-forming units/mL. One hundred microliters of this suspension was inoculated intragastrically into germ-free mice. The success of monoassociation was checked by investigating the number of microorganisms per gram feces. Monoassociated mice were used 7 days after the original inoculum since L. delbrueckii numbers in the gut were stable starting 2 days after the inoculum (13 
Intravenous challenge with E. coli
Intravenous challenge with E. coli was performed as described previously (13) . Briefly, germ-free or monoassociated mice were challenged with 2 x 10 7 E. coli in the tail vein. Blood samples were collected from the retroorbital plexus of anesthesized animals (100 mg/kg ketamine hydrochloride, Dopalen, Division Vetbrands Animal Health, Brazil, and 10 mg/kg xylazine, Anasedan, Agribrands do Brasil Ltda., Brazil) immediately after injection of E. coli B 41 (time 0) and at 1.5, 4, and 8 h after injection. Mice were sacrificed after the last blood collection and cytokines were assessed as described below.
Peritoneal and spleen cell cultures
Mice were inoculated intraperitoneally with thioglycollate and sacrificed 5 days later. Peritoneal cells were collected with RPMI 1640 medium (Sigma). Spleen cells were obtained by maceration of the organ with RPMI 1640. The cell suspensions were centrifuged at 1000 g for 10 min and the supernatants discarded. The pellets were resuspended in RPMI 1640 supplemented with 10% fetal bovine serum (FBS, Cultilab, Brazil) for spleen cells and with 5% FBS for peritoneal cells. The medium was supplemented with 50 mM 2-mercaptoethanol, 100 IU/mL penicillin and 0.1 mg/mL streptomycin. The final concentration was 2 x 10 6 cells/mL for peritoneal cells and 5 x 10 6 cells/mL for spleen cells. L. delbrueckii and L. monocytogenes were added to cultures in 100 μL at a ratio of 10:1 bacteria per mouse cell in the presence or absence of murine recombinant IFN-γ (75 IU/mL, Pharmigen, USA). L. monocytogenes was used as a positive control since it is a traditional inducer of IL-12 and IFN-γ (17) . Concanavalin A (ConA, Sigma) was used as positive control in assays for IFN-γ production. The cultures were incubated at 37°C in a humidified atmosphere containing 5% CO 2 for 48 h.
Cytokine detection
IL-12 p40 and IFN-γ were assayed in culture supernatants or sera by capture ELISA, as described previously (18) . TNF-α was measured using WEHI 1640 cells (a kind gift from Dr. Phillip Scott, School of Veterinary Medicine, University of Pennsylvania, PA, USA), as described (19) . The sensitivity of the assays was 0.3 ng/mL, 16 pg/ mL and 0.1 pg/mL and for IL-12 p40, IFN-γ and TNF-α, respectively.
Spleen cell proliferation
Spleen cell proliferation in response to microbial antigens was assayed by culturing 1 x 10 6 cells in 200 μL RPMI supplemented with 10% FBS, 0.5 mM 2-mercaptoethanol, 100 IU/mL penicillin and 0.1 mg/mL streptomycin, in 96-well tissue-culture plates in the presence or absence of stimuli. Plates were kept at 37°C for 3 days in a humidified chamber in a 5% CO 2 atmosphere, then cultures were pulsed with 0.5 μCi 3 [H]-thymidine (Sigma). Cells were harvested (Cell Harvester series 4012-Skantron Instrument AS, Norway) onto fiberglass filters. Incorporated radioactivity was measured by scintillation and values of cultures without antigen were subtracted from values obtained from stimulated cultures. ConA at the concentration of 50 μg/mL was used as positive control for proliferation in these assays.
Statistical analysis
The means of three or more treatments were analyzed statistically by ANOVA, followed by the minimum significant difference test. The calculations were performed with the help of the EPISTAT program (T.L. Gustafson, USA). The means of two treatments were compared by the Student t-test (Sigma plot, Scientific Graphing Software, Jandel Corporation, USA). Differences were considered to be statistically significant when P ≤ 0.05.
Results
In order to determine the capacity of L. delbrueckii UFV-H2b20 to stimulate the production of type 1 cytokines, peritoneal cells from germ-free or monoassociated Swiss mice were cultured in the presence of heatkilled cells of L. delbrueckii. Heat-killed L. monocytogenes cells were used as positive control (20) . L. delbrueckii UFV-H2b20 induced similar levels of IL-12 p40 production by peritoneal cells both in germ-free ( Figure 1A ) or monoassociated mice ( Figure 1B) , when compared to L. monocytogenes (P > 0.05). Addition of IFN-γ to cultures did not significantly improve the production of IL-12 p40 induced by either L. delbrueckii or L. monocytogenes heat-killed cells (P > 0.05), and had no effect on the production of this cytokine in the absence of bacterial stimuli. IL-12 p40 levels produced by cells from germ-free mice in response to either stimulus were lower than levels produced by cells from monoassociated mice (Figure 1) . In order to test the possibility of contamination of our L. delbrueckii preparation with LPS, we stimulated peritoneal cells from C3H/HeJ mice, which are hyporesponsive to LPS, with the L. delbrueckii preparation. As can be seen in Figure 2 , L. delbrueckii was able to induce high levels of IL-12 p40 by peritoneal cells from LPShyporesponsive mice. We also used three other preparations of L. delbrueckii, i.e., a viable preparation, heatinactivated and heat-killed bacteria and a lysozyme-di-Lactobacillus delbrueckii induces type 1 cytokine production www.bjournal.com.br Results for cultures not stimulated with bacteria are also shown (control). IL-12 p40 was assayed in the supernatants by capture ELISA. IL-12 p40 levels produced by cells stimulated with L. delbrueckii were statistically different from controls (Student t-test). IL-12 p40 levels produced by cells from germ-free mice stimulated with bacterial preparations were lower than those produced by cells from monoassociated mice (Student t-test). Results from 5 individually stimulated animals are reported as mean ± SD. Another experiment was performed with similar results.
from Swiss monoassociated mice were used, except for the lysozyme-treated preparation ( Figure 3A) . Similar amounts of TNF-α were produced by cells from germfree mice tested with live and heat-treated L. delbrueckii ( Figure 1B) . Analogous results were found with peritoneal cells from C3H/HeJ mice ( Figure 3B ), except that in these mice the lysozyme-treated preparation induced TNF-α production.
Spleen cells from monoassociated ( Figure 4A ), germfree or conventional Swiss mice ( Figure 4B ) and from C3H/HeJ ( Figure 4C) were cultivated in the presence of different L. delbrueckii preparations. A polyclonal mito- TNF-α production by peritoneal cells was also analyzed. We found induction of TNF-α production by all of the different preparations of L. delbrueckii when cells E. Neumann et al.
www.bjournal.com.br gen, ConA, was used as a positive control. Induction of IFN-γ after 48 h of culture with stimuli was assessed. All preparations induced production of IFN-γ by spleen cells from monoassociated mice (Figure 4A ), including the lysozyme-treated bacterial cells. Similar results were obtained when spleen cells from C3H/HeJ mice were used ( Figure 4B ). Cells from germ-free mice were only tested with live L. delbruekii and ConA ( Figure 4B ) and, albeit responsive, produced very low levels of IFN-γ. Taken together, these results confirm the capacity of L. delbrueckii to stimulate type 1 cytokine production.
L. delbrueckii UFV-H2b20 did not induce proliferation of spleen cells from germ-free, monoassociated or conventional Swiss mice ( Figure 5 ). These results suggest that NK cells, rather than CD4+ T cells, were the producers of IFN-γ when spleen cells were stimulated with L. delbrueckii.
In vivo production of type 1 cytokines was also tested. For this purpose, germ-free Swiss mice and mice monoassociated with L. delbrueckii UFV-H2b20 by intragastric inoculation were used. After 7 days of monoassociation, mice were challenged with a Gram-negative bacterium injected systemically. The capacity to clear this bacterium from the circulation was previously shown to be improved in monoassociated mice when compared with germ-free and conventional mice (13) . Here, we tested the production of cytokines in response to infection with E. coli. At the beginning and at the end of the experiment, 90 min after injection of E. coli, we assayed the presence of IL-12 p40 and IFN-γ in serum. The serum levels of IL-12 p40 were significantly higher in monoassociated mice than in germfree mice (P < 0.05), and comparable to the levels observed for conventional mice ( Figure 6 ).
In order to evaluate the kinetics of appearance of type 1 cytokines in animal sera, we performed experiments in which the cytokines were tested before and at 1.5, 4, and 8 h after intravenous injection of E. coli. We found that the detection of IL-12 p40 in serum of Swiss monoassociated mice preceded the appearance of IFN-γ in both germfree and monoassociated mice ( Figure 7 ). The peak of IL-12 p40 in serum occurred 4 h after the injection of E. coli, while at 8 h after challenge with E. coli IFN-γ levels were at www.bjournal.com.br the highest level. There was no statistically significant difference between germ-free and monoassociated mice injected with E. coli in this experiment ( Figure 7A ), in contrast with the experiment illustrated in Figure 6 , but more IFN-γ was produced by monoassociated mice 4 and 8 h after injection of E. coli ( Figure 7B ).
Discussion
A body of evidence has been gathered on the immunostimulatory and immunoregulatory properties of lactobacilli. Studies carried out in our laboratory (13, 21) and others (22, 23) have shown that monoassociation of mice with lactic acid bacteria renders mice more resistant to infections. A highly significant delayed mortality was observed in germ-free C3H/He/Oujco mice monoassociated with L. acidophilus and infected with Salmonella enterica var. enterica serovar typhimurium (22) . Similarly, Swiss/NIH mice monoassociated with L. delbrueckii UFV H2b20 were also protected against infection with S. typhimurium (21). L. delbrueckii-monoassociated animals cleared E. coli from the blood stream more efficiently than germ-free mice (13) .
Several investigators have demonstrated effects of lactobacilli on cells of the immune system that would explain this improved resistance to infection. Hence, intravenous injection of L. casei has been shown to improve NK cell cytotoxicity (24) in vitro. Intraperitoneal inoculation of L. delbrueckii or L. casei, as well as ingestion of L. casei, increases the phagocytic and bactericidal activity of peritoneal and liver macrophages (25, 26) . In a previous study, we demonstrated the improvement of host mononuclear phagocytic activity after monoassociation of Swiss germ-free mice with viable and heat-killed L. delbrueckii UFV-H2b20. Improved phagocytic activity was demonstrated both by the increase clearance of a Gramnegative bacterium inoculated intravenously and by a 2-fold increase in the number of Küpffer cells, which are responsible for the clearance of circulating bacteria (13). We and others had also shown that human cells respond to L. delbrueckii by producing inflammatory cytokines. Galdeano and Perdigón (27) reported an increased expression of the pro-inflammatory cytokines TNF-α, IL-12 and IL-2 in the gut villi of mice given several viable and inviable Lactobacillus strains, including L. delbrueckii. VSL #3, a bacterial probiotic cocktail that includes L. delbrueckii in its formula, was capable of inducing IL-12 p70 production in bone marrow-derived murine dendritic cells stimulated for an overnight period (1). Moreover, peripheral blood mononuclear cells from healthy individuals stimulated with heat-killed L. delbrueckii produced elevated levels of IL-12, IFN-γ and TNF-α but not of IL-10. IFN-γ production was IL-12-dependent and NK cells were the main source. Furthermore, peripheral blood mononuclear cells infected with Leishmania amazonensis, an intracellular parasite, presented elevated microbicidal activity when co-incubated with L. delbrueckii. Finally, L. delbrueckii was capable of inducing in vitro differentiation of L. amazonensis-specific Th1 cells (28) . Inflammatory were collected at the indicated times and cytokines were assayed. Control mice were not injected with E. coli. Data are reported as mean serum cytokine concentration (ng/mL) ± SD. Each bar indicates the mean of 5 mice from one experiment representative of two performed. *P = 0.058; **P < 0.05 (Student t-test). ND = not detected.
Lactobacillus delbrueckii induces type 1 cytokine production www.bjournal.com.br cytokines such as IL-12, IFN-γ and TNF-α have been implicated in resistance to several pathogens, including L. monocytogenes, Salmonella enterica var. thyphimurium (17, (29) (30) (31) . Therefore, if a candidate probiotic strain is to have an effect against infections, the property of inducing these inflammatory cytokines is desirable.
In this paper we show that live, heat-killed and heattreated (56°C) L. delbrueckii UFV-H2b20 preparations induce high levels of IL-12 p40, TNF-α and IFN-γ production in vitro. Induction of both TNF-α and IFN-γ by L. acidophilus was comparable to that of murine cells exposed to other stimuli (18, 32) . The in vitro induction of IL-12 p40 observed in our experiments was higher than that induced by L. monocytogenes, and similar to or higher than the results obtained for other antigenic stimuli (Figures 1 and 2 ) (33) (34) (35) (36) . The induction of IL-12 p40 and TNF-α production by peritoneal cells from C3H/HeJ mice, which are hyporesponsive to LPS, confirms the absence of contamination of L. delbrueckii UFV-H2b20 preparations with LPS (Figures 1 and 2) . Moreover, all our lactobacillus preparations induced a similar production of IL-12 p40, TNF-α and IFN-γ, indicating that the molecules that induce these cytokines are heat-stable and mostly lysozyme-resistant. The only instances in which lysozyme treatment abolished ( Figure 3A ) or diminished ( Figure 2 ) cytokine production were the production of IL-12 p40 by macrophages from C3H/HeJ mice and the production of TNF-α by macrophages from monoassociated mice. The reasons for these two results are unknown. However, since the results for C3H/HeJ mice are from pools of cells, no statistical analysis was performed. Macrophages from germ-free mice have been shown to be less reactive (and to produce less inflammatory cytokines) than macrophages from conventional mice in several different models (13, (37) (38) (39) , a result consistent with the fact that macrophages from germ-free mice produced lower levels of IL-12 p40 when compared to monoassociated mice. However, macrophages from germ-free mice produced similar levels of TNF-α when stimulated with bacterial preparations. Macrophages from germ-free mice have been previously shown to produce lower levels or TNF-α in response to LPS than macrophages from conventional mice (39) . The differences in these results might be due to the fact that germ-free mice respond differently to Gram-negative and Gram-positive stimuli. IFN-γ production by spleen cells from germ-free mice was also significantly lower than the production by spleen cells from monoassociated mice, but spleen cells from germ-free mice were still responsive to the stimulus with the bacterial preparations. The lower production of IL-12 p40 is consistent with the lower production of IFN-γ in these mice (17) . Taken together, our data indicate that monoassociation primed macrophages to the production of IL-12 p40.
Takeda et al. (40) demonstrated that L. delbrueckii LA158 cell wall acid polysaccharides were mitogenic for C57BL/6 spleen cells and for BALB/c Peyer's patch cells. Here we show that heat-killed L. delbrueckii UFV-H2b20 did not stimulate murine spleen cell proliferation ( Figure  5 ), which suggest differences in the cell wall composition between strains of the same bacterial species. Fractions of cell walls from UFV-H2b20 should be tested, however, in order to clarify this issue. Taken together, their results and ours suggest that NK cells, rather than CD4+ T cells, are the producers of IFN-γ when spleen cells are stimulated with L. delbrueckii.
We had previously demonstrated that monoassociated mice clear E. coli from their circulation more efficiently than germ-free mice (13) . Here, we investigated if monoassociation with L. delbrueckii would have further influence on the response of the mouse to a systemic infection. We found marginal differences in IL-12 p40 among groups (Figures 6 and 7B ), which were statistically significant in two of four experiments at 90 min after injection of E. coli. As seen in Figure 7B , systemic IFN-γ production is accelerated when monoassociated mice are challenged with E. coli. This acceleration might be taken as evidence for a higher, albeit small, increase in the production of biologically active IL-12 (17) . Therefore, at least as far as IFN-γ levels are concerned, the immune response to a systemic infection is influenced by the presence of L. delbrueckii in the gut since in mice monoassociated with L. delbrueckii the IFN-γ response to a pathogen was more precocious than in germ-free mice (Figure 7B) . The use of germ-free animals has the obvious drawback of being an artificial model: the effect of L. delbrueckii in a more natural environment where the probiotic would interact with the indigenous microbiota is not considered when one uses germ-free animals. Moreover, germ-free mice are thought to have an "immature" immune system. However, germ-free animals have the also obvious advantage of allowing the study of the effect of the microorganism by itself on the system. Taken together, our data raise the question of whether L. delbrueckii would promote resistance to organisms that are controlled by a type 1 response.
The present data demonstrate that L. delbrueckii UFVH2b20 induces the production of type 1 cytokines. More interestingly, our results suggest that the induction of a pro-inflammatory response by L. delbrueckii UFV-H2b20 may not require the feeding of viable cells to the host, as is generally thought to be required for the beneficial effects of probiotics. If this holds true in vivo, a preparation con-E. Neumann et al.
www.bjournal.com.br taining non-inviable organisms would have obvious commercial advantages. This issue is currently under investigation.
